Vertebrate cells express a family of heat shock transcription factors (HSF1 to HSF4) that coordinate the inducible regulation of heat shock genes in response to diverse signals. HSF1 is potent and activated rapidly though transiently by heat shock, whereas HSF2 is a less active transcriptional regulator but can retain its DNA binding properties for extended periods. Consequently, the differential activation of HSF1 and HSF2 by various stresses may be critical for cells to survive repeated and diverse stress challenges and to provide a mechanism for more precise regulation of heat shock gene expression. Here we show, using a novel DNA binding and detection assay, that HSF1 and HSF2 are coactivated to different levels in response to a range of conditions that cause cell stress. Above a low basal activity of both HSFs, heat shock preferentially activates HSF1, whereas the amino acid analogue azetidine or the proteasome inhibitor MG132 coactivates both HSFs to different levels and hemin preferentially induces HSF2. Unexpectedly, we also found that heat shock has dramatic adverse effects on HSF2 that lead to its reversible inactivation coincident with relocalization from the nucleus. The reversible inactivation of HSF2 is specific to heat shock and does not occur with other stressors or in cells expressing high levels of heat shock proteins. These results reveal that HSF2 activity is negatively regulated by heat and suggest a role for heat shock proteins in the positive regulation of HSF2.
The heat shock response is a cellular defense against the deleterious effects of physiological and environmental stress that is mediated by heat shock transcription factors (HSFs). In vertebrates, four members of the HSF family have been identified (27, 28, 38, 40, 46) , and of these, HSF1 and HSF2 are ubiquitously expressed and conserved (27, 40) . HSF1 and HSF2 are expressed as inert monomers and dimers, respectively, in unstressed cells. Upon activation, these HSFs trimerize and function as transcriptional activators that bind with similar, but not identical, specificities to the heat shock element (HSE), thus regulating heat shock gene transcription and hence the expression of diverse heat shock proteins and molecular chaperones (2, 40, 49, 62) .
HSF1 and HSF2 differ in their pathways of activation and the nature of their transcriptional responses. Whereas HSF1 is activated upon exposure to a multitude of physiological and environmental stresses (41, 62) , HSF2 activity appears to be more selective, being induced upon down-regulation of the ubiquitin-proteasome pathway (22) , during differentiation (36, 37, 42, 49) , and in early development (9, 23, 37) . Comparison of the HSF1 and HSF2 transactivation domains as chimeric proteins with a minimal heterologous DNA binding domain reveals that HSF1 is a more potent transcriptional activator than HSF2 (47, 59, 60) . These observations are also supported by studies comparing hsp70 and hsp90 gene transcription rates in K562 cells in which endogenous HSF1 or HSF2 was activated (49) . In those studies, HSF1 transcriptional activity was found to be 10-fold greater than HSF2 activity for hsp70 and 5-fold greater for hsp90.
Despite these apparent distinctions, both HSF1 and HSF2 DNA binding activities have recently been codetected in a cell-type-and stress-specific manner (22, 34, 50, 53) . The existence of multiple conditions under which coactivation occurs raises the potential for competition between these HSFs to bind the highly conserved heat shock promoter elements. Moreover, the lower transcriptional potency of HSF2 could have deleterious consequences under conditions such as heat shock that require an immediate response and rapid transcriptional activation of heat shock genes. Various observations have previously suggested that HSF2 activity was affected during heat shock. In vitro-translated HSF1 acquires DNA binding activity upon heat shock, whereas HSF2 DNA binding activity is abolished at the elevated temperature (40) . It was also shown that constitutive in vivo HSF2 DNA binding activity observed in several embryonal carcinoma cells lines was labile following heat shock (26) . In this study, we have examined the DNA binding properties of HSF1 and HSF2 using a novel DNA binding assay that provides a quantitative basis to measure overall HSF DNA binding activity and relative contributions by HSF1 or HSF2. Additionally, we show that HSF2 has the unique biochemical properties of temperature sensitivity in vivo. Consequently, only HSF1 is activated to function as a heat shock factor without interference from HSF2.
MATERIALS AND METHODS
Preparation of cell extracts. The murine fibroblast cell line NIH 3T3 was grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum. Cells were treated for the indicated periods with the proteasome inhibitor MG132 (Peptides International) (10 M), with heat shock (43°C), or sequentially with MG132 (4 h) followed by heat shock. Cells were alternatively treated with 20 M cadmium chloride (Fisher Scientific) or 5 mM azetidine (Boehringer Mannheim) for 2 to 6 h. Cell extracts were prepared by freeze-thaw lysis as described previously (25) . The soluble and pellet fractions were obtained by centrifugation at 50,000 rpm for 5 min in a Beckman TL100 instrument, or the extracts were used without fractionation. The protein content of cell extracts was determined by the Bradford assay (Bio-Rad).
Gel mobility shift assays. Soluble cell extracts were analyzed for HSF DNA binding activity using labeled HSE-containing oligonucleotides in the gel mobility shift assay (25) and specific polyclonal antibodies to HSF2 (1:50 dilution in phosphate-buffered saline) or HSF1 (1:20 dilution in phosphate-buffered saline) to establish the composition of the HSE binding activities obtained with the various treatments (41) .
ORIGEN assay for HSF DNA binding activity. The assay for HSF DNA binding activity, based on IGEN International's ORIGEN technology, utilizes biotinylated oligonucleotides containing the HSE consensus sequence, which can be immobilized on streptavidin-coated magnetic beads. The identification of the proteins bound to this DNA is enabled by use of specific antibodies (in this case goat anti-rat antibodies [Rockland] ) modified with electrochemiluminescent ORI-TAG labels [containing ruthenium ions as tris(bipyridine) chelates]. Ruthenium-tagged antibody molecules bound to DNA-associated proteins immobilized on the magnetic beads are brought in proximity to an electrode by a magnet. This allows discrimination of DNA-bound from unbound factors following immobilization. Application of a current results in emission of photons due to electrochemiluminescence of the ORI-TAG labels. The light emitted is thus a direct measure of the amount of antibody and hence of the protein it recognizes. The assay is performed in a 96-well format on IGENЈs M8 instrumentation, allowing measurements to be multiply replicated.
Soluble cell extracts were prepared as for the gel mobility shift assay, and 20 g of each was incubated with 0.05 g of monoclonal rat anti-mouse HSF1 (4B4) or HSF2 (3E2) antibodies (NeoMarkers) in a final volume of 5 to 8 l for 20 min at room temperature. The primary antibody dilutions were made in gel mobility shift assay binding buffer (25) such that 2 l was added per sample. To this was added 20 l of a binding buffer mix containing biotinylated oligonucleotide (4 pmol), poly(dI)/poly(dC) (0.5 g), and ORI-TAG tag-labeled anti-rat secondary antibodies (0.1 g), with incubation for an additional 20 min. Streptavidin-coated Dynabeads M280 (IGEN) were added (20 g per sample) and incubated for an additional 30 min with occasional shaking to immobilize the biotinylated oligonucleotides. The samples were normally prepared in multiple replicates and added singly to M8 plates. The volumes were made up to 250 l per well with binding buffer, and the plate was read on an M-series M8 instrument (IGEN), using appropriate positive calibrators (IGEN) and the standard M8 assay protocol. The light emitted from the ORI-TAG-labeled antibody is a direct measure of the HSF DNA binding activity, since unbound antibody does not contribute to the signal generated. Controls for this experiment included samples lacking primary antibodies. The relative affinity of the tagged secondary antibody for the 4B4 and 3E2 antibodies was assessed in a similar fashion. Serially diluted amounts of the primary antibodies were immobilized directly on tosyl-activated Dynabeads M280 (Dynal), and the binding of the secondary antibody was assessed.
Immunological analyses. For immunoblotting analyses, cell extracts (10-to 20-g protein samples) were resolved by sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis and transferred to nitrocellulose, and HSF2 protein was detected using polyclonal serum raised against murine HSF2 (1:10,000 dilution of serum), as described previously (41) , and visualized by ECL (Amersham). Other antibodies used were the murine HSF1-specific polyclonal serum (41) (1:2,000 dilution of serum), Hsp70-specific monoclonal antibody RPN 1197 (Amersham), and polyclonal serum raised against human Hdj-1 (S. G. Fox, B. C. Freeman, and R. I. Morimoto, unpublished data) (1:2,500 dilution of serum).
Nuclear run-on assays. Transcriptional run-on assays were performed as described previously (3, 49) using nuclei prepared from NIH 3T3 cells treated with MG132, heat shock, or MG132 followed by heat shock, as described above, and visualized and quantitated by PhosphorImager analysis (Molecular Dynamics). Radioactively ␣-32 P-labeled RNA was prepared and hybridized to the following plasmids immobilized on nitrocellulose filters: pH2.3 (human hsp70) (58) , pUCHSP86 (mouse hsp90) (20) , pHG23.1.2 (human grp78) (S. S. Watowich and R. I. Morimoto, unpublished data), pHA7.6 (human hsp72), pGEM4 (Promega), and pGAPDH (rat glyceraldehyde-3-phosphate dehydrogenase [GAPDH]) (11) .
Immunofluorescence and image acquisition. Detection of HSF1 by immunofluorescence was performed on formaldehyde-fixed 3T3 cells as described previously (17) . The monoclonal anti-HSF1 (4) and polyclonal anti-HSF2 antibodies were used at a dilution of 1:300 and detected with a goat anti-rat antibody coupled to rhodamine and a sheep anti-rabbit antibody coupled to fluorescein, respectively (Sigma). Images were acquired on a Zeiss LSM 410 confocal microscope using the 63ϫ (1.4 NA) oil immersion objective.
RESULTS
Differential activation of HSF1 and HSF2. To assess the relative contributions of HSF1 and HSF2 to the total amount of HSF DNA binding activity induced in response to different stresses, we employed two methods, electrophoretic gel mobility shift assays (EMSA), which, together with antibody supershift assays, have been used to assess the relative contributions of different members of the HSF family, and a novel electrochemiluminescence assay (ORIGEN) that provides a more quantitative assessment of DNA binding activities. Using EMSA and antibody supershift assays, extracts of cells exposed to heat shock were shown to contain HSF1 DNA binding activity ( Fig. 1 , lanes 6 to 8), whereas both HSF1 and HSF2 DNA binding activities were detected in cells treated with the proteasome inhibitor MG132 (Fig. 1 , lanes 2 to 4). However, antibody supershift assays provide qualitative assessments and are incapable of revealing the fraction of total HSF DNA binding contributed by either HSF1 or HSF2. Likewise, with other stresses such as the heavy metal cadmium or the amino acid analogue azetidine, the relative contributions of both HSF1 and HSF2 to the total DNA binding activities could not be clearly established using EMSA due to the highly qualitative nature of this assay and the relatively low level of total HSF DNA binding activity induced (data not shown).
A quantitative measure of HSF DNA binding activities was established using the ORIGEN assay ( Fig. 2A) . To validate the ability of this electrochemiluminescence-based detection method to discriminate between HSF1 and HSF2 DNA binding activities, extracts from heat shock-or hemin-treated K562 cells were used, with monoclonal rat antibodies specific to each HSF and a ruthenylated anti-rat secondary antibody (Fig. 2B) . The affinity of the secondary antibody was demonstrated to be equivalent for the monoclonal rat antibodies used, and hence FIG. 1. Effects of heat shock and MG132 treatments on activation of HSF1 and HSF2. Gel mobility shift analyses using extracts from untreated 3T3 control cells (C) (lane 1) or cells treated with MG132 (lanes 2 to 5), heat shock (HS) (lanes 6 to 9), or MG132 followed by heat shock (lanes 10 to 13) are shown. Cell extracts were incubated in either the presence or absence of specific antiserum to HSF1 or HSF2 or a mixture of both antisera, as indicated, prior to the gel mobility shift assay. HSF DNA binding activities and nonspecific binding (NS) are indicated by arrows. The radiolabeled complex detected at the top of the gel corresponds to retarded antibody-HSF complexes.
the HSF1 and HSF2 signals may be summed, yielding a value corresponding to total HSF activity. The data in Fig. 2B are presented as the percentage of maximum HSF DNA binding activity and normalized to 100% of the signal observed following heat shock, which is comprised of 80% HSF1 and 20% HSF2. Extracts from control cells contain a low (15%) but consistently detectable HSF DNA binding activity comprised of both HSF1 (10%) and HSF2 (5%). Relative to heat shock, hemin treatment yielded approximately 80% HSF DNA binding activity, corresponding to 50% HSF2 and 30% HSF1. These results show that the ORIGEN assay, by generating a quantifiable signal, provides data that can be readily compared across experiments to assess contributions of relative DNA binding activities that recognize a common promoter element.
The relative contributions of HSF1 and HSF2 using the ORIGEN assay were further assessed in 3T3 cells exposed to heat shock, MG132, or azetidine treatment (Fig. 2C) . Control cells contained a low basal level (8%) of both HSF1 (3%) and HSF2 (5%) activities relative to the maximal level of HSF DNA binding activity observed in cells treated with MG132 (100%). Exposure to MG132 activated both HSF1 and HSF2 such that over a 6-h period, HSF2 corresponded to approximately 45% and HSF1 corresponded to 55% of the total amount of HSF DNA binding activity. By comparison, heat shock resulted in activation of only HSF1 to the same level as was detected following MG132 treatment, whereas HSF2 activity decreased to a level below that normally detected in control cells. Unlike the rapid attenuation of the heat shock response observed in human tissue culture cells, we observed that attenuation of HSF1 is less dramatic in murine 3T3 cells exposed to heat shock for extended periods (3 to 6 h) (25, 41) .
These results show that the overall level of total HSF DNA binding activity induced by MG132 is nearly twice that induced by heat shock, with one difference being that MG132 induces both HSF1 and HSF2. These data show that HSF1 and HSF2 are activated differentially, with the consequence that the overall effect on heat shock gene expression is modulated accordingly. In further support of this, cells exposed to azetidine, a proline analogue, activated much lower overall levels of HSF DNA binding activity (30%) comprised equally of HSF1 and HSF2. The results using the ORIGEN assay provide, for the first time, a more complete description of the different degrees of stress activation of HSF1 and HSF2 as they contribute to overall HSF DNA binding activity and show that both HSFs are constitutively activated at low levels in cells maintained under control conditions. An unexpected consequence of heat shock was the apparent from control (C), heat-shock treated (HS), or hemin-induced K562 cells were incubated with 0.05 g of rat anti-mouse HSF1 (4B4) or HSF2 (3E2) antibodies. The extracts were simultaneously incubated with biotinylated doublestranded HSE-containing oligonucleotide and an ORIGEN tag-labeled goat anti-rat antibody. The complex was allowed to bind to streptavidin-coated Dynal beads and used to measure the amount of bound HSF as described in the text. The sum of the HSF1 and HSF2 signals determined total HSF activity. The data are presented as percent maximum HSF activity, where maximum is defined by the condition which resulted in the highest total HSF activation (heat shock in this case). The data are derived from triplicate samples with coefficients of variation of below 15%. Error bars indicate standard deviations. (C) HSF1 and HSF2 activities induced by heat, MG132, or azetidine treatment of 3T3 cells. 3T3 cells were treated for the lengths of time indicated with heat at 43°C (HS), 10 M MG132 (MG), or 5 mM azetidine (Az). Extracts were prepared and used in the ORIGEN assay as described in the text. The data are derived from duplicate samples with coefficients of variation of 10% or less and are presented as percent maximum HSF activity as defined above, with maximum activity being induced in this case by the 6-h MG132 treatment. The data for both ORIGEN assays are corrected for nonspecific binding of tagged antibody determined by parallel assays containing all components except the primary antibodies.
reduction of HSF2 DNA binding activity in 3T3 cells. This was observed in both DNA binding assays as an inability to detect preexisting levels of HSF2 DNA binding activity primarily in MG132-treated cells exposed to heat shock (Fig. 1, compare  lanes 2 and 3 to lanes 10 and 11) or the basal level of HSF2 DNA binding in control cells ( Fig. 1 and 2) .
Transcriptional consequences of HSF1 and HSF2 coactivation. The stress-dependent differential activation of HSF1 and HSF2 confers a more complex regulatory control for the inducible transcription of heat shock genes. This was examined in cells where HSF1 alone was activated by heat shock and under stress conditions where both factors were activated, as occurs with MG132 and the combination of MG132 and heat shock. The levels of transcription of selected heat shock genes induced by these treatments were analyzed by nuclear run-on assays. Treatment of 3T3 cells with MG132 for up to 4 h induced hsp70 and hsp90 gene transcription 5-fold and 10-fold, respectively, relative to transcription of the GAPDH gene, a housekeeping gene that has been used as a non-heat shock response reference gene (Fig. 3, lanes 1 to 3) . The rates of hsp70 and hsp90 gene transcription were enhanced 115-and 35-fold, respectively, following 30 min of heat shock at 43°C (Fig. 3, lane 4) . This demonstrates that the relative rates of hsp70 and hsp90 gene transcription vary significantly following exposure to different stressors and that conditions that lead to coactivation of HSF1 and HSF2 result in lower relative levels of heat shock gene transcription. In cells treated with both MG132 and heat shock, the transcription rates for hsp70 and hsp90 were identical to the effect of heat shock alone (Fig. 3,  lane 5 ). The observation that the level of heat shock gene transcription in cells treated initially with MG132 followed by heat shock is equivalent to that in cells treated with heat shock alone is consistent with the observed loss of HSF2 DNA binding activity following heat shock treatment.
HSF2 is relocalized from the nucleus and cytoplasm during heat shock. A complementary approach to examine the properties of HSF1 and HSF2 is to visualize the subcellular distribution of these factors using monoclonal antibodies specific to each HSF and indirect immunofluorescence analyses (Fig. 4) . HSF1 and HSF2 were diffusely localized in the cytoplasm and nuclei of control cells (Fig. 4a and h ) and relocalized to the nucleus upon treatment with MG132 ( Fig. 4b and i) . Exposure of either MG132-treated cells (Fig. 4c) or control untreated . Double immunofluorescence analyses were performed using specific antibodies to HSF2 (a to g) and HSF1 (h to n) to determine their intracellular localization in control 3T3 cells (a and h) or cells treated with MG132 (4 h) (b and i), MG132 (4 h) followed by heat shock (1.5 h) (c and j), heat shock (1.5 h) (d and k), heat shock (1.5 h) followed by 6 h of recovery at 37°C (e and l), cadmium (4 h) (f and m), or azetidine (4 h) (g and n). Bar, 5 m. cells (Fig. 4d) to heat shock resulted in a dramatic and unexpected relocalization of HSF2 to a perinuclear distribution, whereas heat shock caused the nuclear localization of HSF1 ( Fig. 4j and k) . The localization of HSF2 to the perinuclear region of stressed cells was demonstrated by reference to the boundaries of the nucleus established with DAPI (4Ј,6Ј-diamidino-2-phenylindole) staining of DNA (data not shown) and by comparison with the nuclear localization of HSF1. Upon recovery at 37°C (Fig. 4e and l) , both HSF2 and HSF1 returned to the diffuse cytoplasmic and nuclear localization pattern. The relocalization of HSF2 to the perinuclear region is specific to heat shock. Incubation of cells with other stressors, such as cadmium or azetidine, known to coactivate both HSF2 and HSF1 did not cause perinuclear localization of HSF2 but rather resulted in increased nuclear concentration of both factors (Fig. 4f, g, m, and n) .
HSF2 is a temperature-sensitive protein that becomes insoluble upon heat shock. The heat shock-induced loss of HSF2 DNA binding activity and the perinuclear relocalization of HSF2 upon heat shock of 3T3 cells led us to examine whether heat shock affected the solubility of HSF2 in whole-cell extracts. HSF2 was detected in extracts from control cells, and its levels increased after MG132 treatment (Fig. 5A, top panel,  lanes 1 and 4) . In contrast, soluble extracts from either control or MG132-treated 3T3 cells exposed to heat shock contained reduced levels of HSF2 (Fig. 5A, top panel, lanes 2, 3, 5, 6 ), although the total amount of HSF2 in unfractionated extracts remained constant (Fig. 5A, second panel, lanes 1 to 6) . By comparison, HSF1 remained in the soluble fraction (Fig. 5A , third panel, lanes 1 to 6) as compared to the amount of total HSF1 (Fig. 5A, bottom panel, lanes 1 to 6) and exhibited its characteristic slower electrophoretic mobility due to inducible phosphorylation. These results show that the effects of elevated temperature on the solubility of HSF2 were specific to HSF2, as activated HSF1 trimers remained in the soluble fraction.
The differential solubility and temperature sensitivity of HSF2 is stress specific, as activated HSF2 remains soluble in extracts from cadmium-or azetidine-treated 3T3 cells (Fig.  5B) . These results show that HSF2 is inactivated only under conditions of heat shock. Moreover, the effect of heat shock on the biochemical state of HSF2 is associated with the conversion from a soluble to an aggregated form of HSF2, coincident with its relocalization from the nucleus to the cytosol and association with the perinuclear region of the cell.
Biochemical properties of inactivated HSF2. The heat shock-induced change in HSF2 subcellular localization coincides with a change in HSF2 biochemical properties and conversion to an inert state. This suggests that HSF2 has features in common with proteins that have acquired a biochemical phenotype of temperature sensitivity (Fig. 5) . In non-heatshocked cells, the inert and DNA binding forms of HSF2 exist as soluble dimeric and trimeric species, respectively (50). Following heat shock, these oligomeric states of HSF2 are not detected, providing additional support for elevated temperature-induced changes in the biochemical characteristics of HSF2 (data not shown). Another feature of HSF2 is its solubility in low-ionic-strength buffers and nonionic detergents, whereas the heat shock-inactivated form of HSF2 was resistant to extraction by buffers containing nondenaturing nonionic detergents, including Triton X-100 (1%), Nonidet P-40 (2%), sodium deoxycholate (1%), sarcosyl (0.5%), and Tween 20 (2%). Concentrations of NaCl (up to 2 M) sufficient for extraction of histones (16, 32) were also ineffective. Low concentrations (0.1%) of the denaturing ionic detergent sodium dodecyl sulfate could not extract inactive HSF2, while higher concentrations (0.5 to 1%), sufficient to cause disruption of noncovalent protein associations and protein denaturation (10, 39, 54) , were required to extract HSF2 from heat-shocked cells (data not shown). These observations were further corroborated by using protease digestion to demonstrate that the rate of protease digestion of HSF2 decreases after heat shock treatment of cells, presumably as a consequence of its more inaccessible state (data not shown).
Isolation of nuclei from heat shock-treated cells results in copurification of HSF2. One explanation for these observations is that HSF2 becomes associated with a specific structure or structures following stress treatment. A link to components of the cytoskeleton is suggested by the observation that heat shock also causes the perinuclear collapse of the vimentin intermediate filament network (55; C. Jolly, data not shown). In these immunofluorescence studies, we observe that HSF2 and vimentin colocalize only in cells exposed to heat shock.
The thermolabile state of HSF2 is reversible and protected in thermotolerant cells. The heat shock-induced insolubility of HSF2 is reversible, and HSF2 reappears in the soluble fraction of cells allowed to recover at 37°C for periods of 4 to 6 h (Fig.  6 ). This period of recovery from heat shock is also associated with the increased synthesis and accumulation of molecular chaperones such as Hsp70 and Hdj1 (Fig. 6, bottom panels) . This reversibility is coincident with the relocalization of HSF2 from the perinuclear region to the diffuse distribution throughout the cell observed in the control state (Fig. 4e) .
We sought to determine whether the temperature-sensitive biochemical phenotype of HSF2 was associated with the levels of molecular chaperones. We established a thermotolerant state of the 3T3 cells by exposure to a transient priming heat shock treatment followed by recovery for periods of up to 24 h prior to a subsequent prolonged heat shock for 1 to 2 h. Exposure to the priming heat shock induces the synthesis and accumulation of high levels of Hsp70 and elevated levels of Hdj1 (Fig. 7, bottom two panels) . Whereas HSF2 was inactivated in control cells exposed to a single heat shock (Fig. 7, top  panel, lanes 1 and 2) , HSF2 levels and solubility were unaffected in thermotolerant cells (Fig. 7, top panel, lanes 3 and 4) . Moreover, the perinuclear relocalization of HSF2 observed in heat shock-treated cells was not observed in thermotolerant cells as examined by indirect immunofluorescence (data not shown). By comparison, the levels of HSF1 were essentially unaffected under all conditions with a difference in mobility due to stress-induced serine phosphorylation (Fig. 7, second  panel) .
These results suggest that conditions that lead to the accumulation of molecular chaperones, which are often correlated with acquisition of thermotolerance (18, 19, 21, 51) , prevent the inactivation of HSF2. Since chaperone proteins inhibit protein aggregation and participate in resolubilization or renaturation of aggregated proteins (12, 15, 33, 57) , they may serve as positive regulators of HSF2 by maintaining HSF2 in a native state. Alternatively, other changes in the intracellular environment, such as changes in the levels of nonprotein components induced in cells during recovery from heat shock, may be instrumental in preventing HSF2 inactivation, and thus further investigation would be required to identify the critical cellular factors responsible for protection.
DISCUSSION
The data presented here demonstrate that two members of the HSF gene family, HSF1 and HSF2, are activated differentially in response to diverse cellular stresses. We suggest that the presence of different combinations of activated HSF1 and HSF2 expand substantially the range of kinetics and duration of heat shock gene transcription beyond what was previously considered in situations where only HSF1 or HSF2 DNA binding activities were detected. Our observations additionally suggest an unexpected and intriguing relationship that exists between HSF1 and HSF2 only in cells exposed to heat shock and results in the inactivation of HSF2. We show that HSF2 has the biochemical properties of a temperature-sensitive protein that is rendered inactive in cells exposed to elevated temperature and sequestered to the cytoplasm as a perinuclear ring. As such, HSF2 cannot interfere with HSF1 for occupancy of heat shock gene promoters and the regulation of the heat shock response. In thermotolerant cells expressing higher levels of heat shock proteins, HSF2 is no longer thermolabile and is maintained in the soluble fraction in a DNA binding state.
Coactivation of HSF1 and HSF2. Until recently, the activities of HSF1 and HSF2 have been investigated under conditions where either one or the other factor was predominantly detected. Studies in which proteasome inhibitors have been used to study activation of heat shock genes have revealed that both HSFs are activated, with substantial differences observed among cell lines. Reexamination of a subset of the classical stress conditions, as shown in this study, reveals that coactivation of HSF1 and HSF2 is indeed a common feature of stress, with heat shock alone resulting in sole activation of HSF1.
The stress specificity observed for the inactivation of HSF2 raises a number of interesting questions. As many of the stress conditions that induce HSF1 activity affect the flux of proteins to the degradative pool, one would also expect to observe the activation of HSF2 (22) . For example, exposure to the heavy metal cadmium, the amino acid analog azetidine (25, 41) on coactivation of HSF1 and HSF2 were possible, the ORIGEN HSF binding assay provides a quantitative assessment of the relative contributions of HSF1 and HSF2 and the ability, for the first time, to assess total HSF DNA binding activity. Based on these studies, we conclude that the involvement of HSF2 in the stress response is more widespread than previously suggested, contributing to regulation of heat shock gene expression under cellular conditions associated with changes in protein degradation. The implementation of the ORIGEN assay also reveals that both HSF1 and HSF2 DNA binding activities are present constitutively at low levels in tissue culture cells grown under normal unstressed conditions. Rationale for HSF2 inactivation by heat and characteristics of the inactivated HSF2. The heat shock-specific insolubilization and relocalization of HSF2 are intriguing and reveal an unexpected specificity associated with heat shock-induced stress signaling. A distinct feature specific to heat shock, among cellular stresses, is the rapid kinetics of the heat shock response, a consequence of the nearly instantaneous effects of elevated temperatures on native proteins and the appearance of misfolded proteins (24) . In contrast to the effects of heat shock, other inducers of the heat shock response such as heavy metals or amino acid analogues exhibit much slower kinetics of heat shock gene induction, often requiring hours to activate a response that typically does not achieve the same magnitude (25, 41) . Based on these observations, the presence of other HSFs would be predicted to have dominant-negative effects on HSF1 with deleterious consequences for the survival of cells exposed to heat shock. The lability of HSF2 in heat-shocked cells affords a means to ensure that such competition does not occur.
The heat-induced inactivation of HSF2 had been suggested from previous observations on the effects of heat shock on HSF2 DNA binding activity (26, 40) . The inactivation by elevated temperature represents an intrinsic feature of HSF2 that may be due to a temperature-induced conformational change independent of its DNA binding state. The conversion of HSF2 to an insoluble state is defined by our inability to extract HSF2 using ionic conditions and detergents commonly employed to extract membrane-associated proteins or histones or to disrupt weak noncovalent interactions. Extraction of inactive HSF2 required denaturing detergents capable of disrupting noncovalent interactions. These observations resemble the reported effects of heat shock on other intracellular proteins, including various endogenous mammalian proteins (6, 7, 8) as well as reporter enzymes (luciferase and ␤-galactosidase) transfected as heterologous genes into mammalian cells (29) , which all undergo a heat shock-induced transition into a Triton X-100-insoluble state.
The temperature threshold for HSF2 inactivation in human cells examined seems to differ from that observed in murine cells, since only partial insolubilization or inactivation of HSF2, if any, is observed in K562 cells at the temperatures used (Fig.  2B , data not shown, and L. Sistonen, personal communication). This difference may reflect intrinsic variation in the proteins themselves or differences in the intracellular milieu of the cells.
Heat shock proteins as positive regulators of HSF2. The inactivation of HSF2 during heat shock does not appear to be an intrinsic feature of the protein, as HSF2 remains soluble in conditioned cells previously exposed to a priming heat shock and allowed to accumulate high levels of heat shock proteins. This suggests that the biochemical properties of HSF2 are influenced by other cellular events, in particular the appearance of proteins that accumulate following heat shock. Overexpression of individual chaperones (Hsp90, Hsc70, Hsp70, and Hdj1) using conditional promoters (tetracycline regulation) yielded only partial protection (data not shown), suggesting either that other proteins are involved or that HSF2 may interact with a specific cohort of heat shock proteins rather than be influenced by a single heat shock protein alone. From these data, we can conclude that HSF2 is regulated posttranslationally in a manner distinct from that for HSF1, whose activity is negatively regulated by specific heat shock proteins. For example, Hsp90 has been shown to affect HSF1 activation and trimerization (1, 61) , and elevated levels of Hsp70 can negatively regulate the transcriptional activity of HSF1 (48) .
The behavior of HSF2 during recovery from heat shock has some features in common with that of the reporter enzymes luciferase and ␤-galactosidase, which have been used to demonstrate chaperone-dependent protein refolding of thermosensitive enzymes expressed in mammalian cells. As observed with HSF2, reappearance of soluble protein is observed during recovery from heat shock; in the case of luciferase, 50% of its enzymatic activity could be recovered (35) . Involvement of heat shock proteins in this recovery process was suggested by the observations that inactivation of the reporter enzymes was enhanced by ATP depletion (30) , that a priming heat shock treatment to induce thermotolerance attenuated enzyme inactivation (29) , and that overexpression of Hsp70 was sufficient to protect the activity of reporter enzymes (31) . Induction of thermotolerance was also shown to prevent the perinuclear collapse of the vimentin network (56), suggesting common modes of regulation between cytoskeletal reorganization and HSF2 relocalization.
Cross talk of HSF activities. In conclusion, the effects of heat shock and other stresses on HSF activities suggest that the differential regulation of HSF1 and HSF2 affords a fine-tuning mechanism to modulate the transcriptional responses to different stresses. Such regulation is achieved not only by differential activation of these transcription factors but also by their selective inactivation. Our data support the intriguing concept of cross talk between HSF family members as a means to coordinate the functions of the multiple HSF proteins expressed in vertebrate cells (27, 28, 38, 40, 46) and plants (5, 13, 14, 43, 44) .
The communication between HSF family members promises to be varied and complex, ranging from the proposed negative regulation of HSF1 activity by HSF2 and the associated inactivation of HSF2 by heat shock to their regulated coactivation, as well as a positive requirement of HSF3 for heat shockinducible HSF1 activity in avian cells (52) and the role of the plant HsfA1 to facilitate nuclear transport of HsfA2 (45) . This cross talk is likely to be influenced by the expression of heat shock proteins, which may have distinct and opposing effects on individual HSF family members, as suggested here for HSF1 and HSF2. Such an interplay between HSFs and the heat shock proteins whose expression they mediate enables the cell to integrate various stress signals to respond appropriately to the particular stresses encountered and ultimately to maintain cellular protein homeostasis.
